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Supplementary Results). As a result, 13,081 Arabidopsis orthologues were detected in 1 1 8
at least one of the 16 Flaveria species, and 12,215 genes were kept with the maximum 1 1 9
FPKM in 16 species no less than 1 FPKM.
1 2 0 C 4 related genes: genes showed difference in gene expression and protein 1 2 1 sequence between C 3 species and C 4 species 1 2 2
We first identified C 4 related genes, which were defined as genes show difference 1 2 3 in both gene expression and protein sequence between C 3 and C 4 species. We first 1 2 4 1 3 8
genes known or having the potential to be related to C 4 photosynthesis or C 4 evolution for protein sequences, seven of the nine genes showed that the biggest relative changes 1 8 4 of gene expression at N7. Whereas, both NADP-ME and AlaAT showed the biggest 1 8 5
relative changes at two nodes of N3 and N6 with comparable levels ( Fig. 2A and Fig.   1 8 6 S13A). Our results hence suggested that the genes encoding proteins associated with C 4 1 8 7 pathway showed highly coordinated modification patterns in protein sequence and 1 8 8 gene expression at N3, N6 and N7 during the evolutionary pathway of C 4 1 8 9
photosynthesis; while the majority of the predicted amino acid changes occurs at the 1 9 0 N7. was seen. The greatest decrease of Γ in clade B was observed between the two C 3 -C 4 1 5 cronquistii) followed by a 2.1-fold of difference between F. ramosissima and F. anatomical features also emerged at N3, N6 and the transition between C 3 -C 4 species 3 0 8
and C 4 -like species. Interestingly, the ultrastructure of BSCs chloroplasts showed an 3 0 9
abrupt change at N7, with a dramatic decrease in grana thylakoid length and an increase 3 1 0 in stroma thylakoid length, whereas these features were comparable in the species at the 3 1 1 base of tree and in clade B [40] . These findings are consistent with the observation that 3 1 2 the abundance of transcripts encoding proteins involved in CET increased more in 3 1 3 clade A species than in clade B species, as described above. These results imply that 3 1 4
CET only increased in clade A species, which may be a key factor determining the 3 1 5
possibility of forming C 4 species from the C 3 -C 4 intermediate species. with an evolutionary jump at the transition between C 3 -C 4 and C 4 -like 3 1 8 species along the species evolution 3 1 9
Our above analysis showed that C 4 related features showed coordinated changes 3 2 0
with an obvious abrupt change at N7. Next, we asked whether species evolution also protein sequence divergence has also been demonstrated previously in animals [46, 47] ,
which has been similarly proposed to reflect negative selection for the involved genes 3 8 9
[47].
3 9 0
Evolutionary jumps along the C 4 evolution in the Flaveria genus 3 9 1
Among the nodes leading to the C 4 emergence in clade A, the N7 shows the 3 9 2 biggest change in protein sequence, gene expression and morphology in both C 4 3 9 3 specific features and also general features ( changes in these features at N3 and N6. These three nodes reflect three critical stages 3 9 5 during the emergence of C 4 metabolism. First, at N3, there was a large degree of 3 9 6 changes in gene expression, protein sequence and morphology (Figs. 1 and 2). One of 3 9 7 the most important events during this phase is the re-location of GDC from MSCs to 3 9 8
BSCs based on earlier western blot data [13, 48] . Here we found that SHM showed concentrating mechanism to being dominated by a C 4 concentrating mechanism. Based 4 3 3 on the δ 13 C value in F. palmeri, the fixation through the C 4 concentrating mechanism is 4 3 4 up to 93%, which is consistent with the measured proportion of initial carbon fixation 4 3 5
in the form of C 4 , compound ( Fig. 5 ), suggesting at this step, the released CO 2 in the 4 3 6
BSCs can be largely fixed by Rubisco. Whereas, the transition between C 4 -like to C 4 4 3 7
process is an evolutionarily "down-hill" process and most of optimization occurred quantile normalization applying preprocessCore package in R. Linear regression of 5 0 0 pair-wise correlation was inferred apply lm function in R package. The morphological characteristics, gene expression abundance, and protein those of the most recent species derived from the node.
0 9
Relative difference of protein sequence at each ancestral node was inferred by 5 1 0
comparing the sequence at this node (N) with the nearest preceding node of N (N[pre]), 5 1 1 e.g., the number of different amino acid between node2 (N2) with N1 is the number of aligned length of the protein was calculated as relative protein difference for each gene. Relative difference of gene expression and morphology were calculated as (N two exceptions: the ancestral node of N11 is N5, and N10 is N8 (Fig. 7D ). One-way 5 1 7 ANOVA analysis followed by Tukey's Post Hoc test was used to calculate the 5 1 8 significance of relative difference between any two ancestral nodes. P values were MATE: multidrug and toxic compound extrusion; MCs: mesophyll cells; NADP-ME:
NADP-dependent malic enzyme; NCBI: National Center for Biotechnology 5 3 0
Information; Ndh: NADH dehydrogenase-like; NHD1: sodium: hydrogen (Na+/H+) The authors thank Haiyang Hu for great suggestion, and thank Chinese Academy None of the authors have any competing interests.
4 9
Availability of data and materials 5 5 0
RNA-Seq used in this study is downloaded from Sequence Read Achieve (SRA) 5 5 1 of the National Center for Biotechnology Information (NCBI), the accession number is 5 5 2 showed in Table S1 . JMH, RFS, ML, GKS and XGZ designed the study and wrote the paper. The predicted amino acid changes in NADP-malic enzyme (NADP-ME), pyruvate protein kinase A (PPCKA) between C 4 and C 3 species and the transcript abundance Ndh16; E: NdhU; F: NdhM; G: Ndh48; H: NdhB4; I: chlororespiration reduction 1.
The sequence alignments are available in Additional file 2. Overall, C 4 -related physiological (green and blue bars) and anatomical traits (orange a number of the traits showed greater more significant changes at certain nodes. expressed genes between C 3 and C 4 species (2306 genes) and (C) C 4 related genes that 8 5 0
showed difference between C 3 and C 4 species in both protein sequence and gene 8 5 1 expression (205 genes). All the three datasets showed that the biggest change of gene Overall, C 4 -related physiological (green and blue bars) and anatomical traits (orange and red bars) showed a step-wise change along the Flaveria phylogenetic tree; however, a number of the traits showed greater more significant changes at certain nodes. *Grana index: total length of grana/total length of thylakoid membrane X 100. (Abbreviations: Γ: CO 2 compensation point; A: CO 2 assimilation rate; PWUE: instantaneous photosynthetic water use efficiency; PNUE: instantaneous photosynthetic nitrogen use efficiency; response slope: slope of the response of net CO 2 assimilation rate versus leaf Rubisco content; M: mesophyll; BS: bundle sheath.) Data are from references as given in the Methods. 
Figure 7. Evolutionary pattern of C 4 related genes comparing with total expressed genes and DE genes between C 3 and C 4 species in gene expression
There dataset are (A) the total expressed gene (8004 genes), (B) differentially expressed genes between C 3 and C 4 species (2306 genes) and (C) C 4 related genes that showed difference between C 3 and C 4 species in both protein sequence and gene expression (205 genes). All the three datasets showed that the biggest change of gene expression occurred at N7 (left panels). Principle Component Analysis (PCA) showed that species derived from N7 (species in the black frames in right panels) are distinguished with other species, and the first component of the C 4 related genes account for 38% of the total variance, more than that of total expressed genes and DE genes (right panels). The bar colors grey/blue/orange represent: species from basal/clade A/clade B of phylogenetic tree.
